Acute circulatory and respiratory adjustments to mild through maximal upright exercise were studied in seven patients with "pure" mitral stenosis. Maximal oxygen uptake was determined objectively by demonstrating a plateau of oxygen uptake with increasing workloads. Time to reach a plateau of oxygen uptake was normal (2 to 3 minutes) at all workloads. At any given oxygen uptake, cardiac output and hepatic clearance of indocyanine green (ICG) were abnormally low while total arteriovenous (A-V) oxygen difference, heart rate, blood lactate, and ventilation were abnormally high. However, with respect to relative oxygen uptake (per cent of maximal oxygen uptake), the reduction in cardiac output was exaggerated, but A-V oxygen difference, heart rate, blood Maximal oxygen uptake Hepatic clearance of indocyanine green the product of maximal heart rate, stroke volume, and A-V oxygen difference. Accordingly, a significant reduction in any one of these parameters as a result of disease or other stress will be sensitively indicated by an objective and highly reproducible technique for determining maximal oxygen uptake. In this respect, the measurement provides a far more sensitive and quantitative index of impaired function than responses to impairment at rest or during submaximal exercise. During the latter, heart rate, for example (and probably stroke volume), is subject to large and unpredictable variations.3 However, the validity of the maximal oxygen uptake in mitral stenosis has been questioned. There is suspicion that time to reach a steady state of oxygen uptake in these patients may be prolonged beyond their endurance time. 4 In this study, time required to achieve a plateau of oxygen intake was determined 497 BLACKMON ET AL. 
quantitatively abnormal even with respect to relative oxygen uptake, but the pattern of changes from mild to maximal exercise was normal. Low maximal oxygen uptake defined the reduction in stroke volume while other circulatory responses were normal with respect to relative oxygen uptake.
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Mitral stenosis Exercise, upright I I N NORMAL MAN the maximal oxygen uptake is a measure of the functional capacity of the cardiovascular system to transport oxygen.1 2 The measurement represents the product of maximal heart rate, stroke volume, and A-V oxygen difference. Accordingly, a significant reduction in any one of these parameters as a result of disease or other stress will be sensitively indicated by an objective and highly reproducible technique for determining maximal oxygen uptake. In this respect, the measurement provides a far more sensitive and quantitative index of impaired function than responses to impairment at rest or during submaximal exercise. During the latter, heart rate, for example (and probably stroke volume), is subject to large and unpredictable variations.3 However, the validity of the maximal oxygen uptake in mitral stenosis has been questioned. There is suspicion that time to reach a steady state of oxygen uptake in these patients may be prolonged beyond their endurance time. 4 In this study, time required to achieve a plateau of oxygen intake was determined 497 After completion of measurements at rest, subjects got up and walked on the treadmill for 15 minutes at each previously established speed and grade. During exercise, the catheterized arm rested on an arm board adjusted to minimize possible support. Fifteen-to 20-minute recovery periods (seated) were interspersed between workloads. During these experiments, 3-minute expired air collections were made only during the steady state for oxygen uptake, coincident with cardiac output measurements at submaximal levels. One-minute collections were obtained between 2 and 3 minutes at maximal exercise. Pulmonary and radial arterial blood samples were drawn during the seventh and thirteenth minutes of submaximal exercise, and during 2.5 to 3 minutes of exercise at the level of maximal oxygen uptake. Oxygen content of these blood samples was determined by the manometric technique of Van Slyke and Neill.
Rates of clearance of ICG during each level of submaximal exercise were determined as described previously.6 7 Immediately after withdrawal of 3 ml of arterial blood (for spectrophotometric blank) at the third to fourth minutes of exercise, 12.5 mg of ICG were injected (pulmonary artery). Clearance rate was determined from five successive 3-ml samples drawn at 2-minute intervals starting 3 to 4 minutes after injection. ICG clearance could not be determined at the final workload, which lasted only 3 minutes. This "maximal" load was the lowest workload that was previously shown to elicit a maximal oxygen uptake.
One-milliliter arterial blood samples for lactate determination were drawn at the twelfth minute of submaximal exercise and 1 to 2 minutes after completion of exercise at the level of maximal oxygen uptake. Concentration complicating factors (valvular incompetence, and others). Furthermore, results from nonstandardized forms of exertion22 lacking wellregulated intensity are impossible to interpret. Despite these problems, Meakins and Long23 found no outstanding abnormality in the rapidity of the response of oxygen uptake in patients with cardiac failure. Indeed, Donald, and associates24 observed a steady state within 2 to 3 minutes in 10 of 16 patients during supine cycling at regulated, constant loads. Only the severely disabled patients showed a delayed response. Accordingly, our patients, who manifested no clinical evidence of myocardial failure or venous congestion, responded to increased demands for oxygen with an essentially normal time lag of about 2 minutes for upright exercise. This was also true at maximal exertion. Occasionally a slight rise in submaximal oxygen uptake with time was observed in a given subject but not repeatedly (this has been noted occasionally in normal subjects, also).
Although the response time for oxygen uptake was normal, values for oxygen uptake and ventilation were abnormally high at lower workloads. Since years) indicate a large reduction. Also, the maximal oxygen uptake of the only male in the study (RB) was reduced approximately 50% below a normal average.1 4 6, 7 In a qualitative sense, normal subjects and patients with pure mitral stenosis approached maximum oxygen uptake in the same manner; that is, at a given relative oxygen uptake or percentage of maximal oxygen uptake relative increments in heart rate, A-V oxygen difference, blood lactate concentration, and decrements in hepatic clearance of ICG were normal. Although increments in ventilatory equivalent (VE/ Vo2) and RQ were exaggerated, even with respect to relative oxygen uptake, these data still tended to follow normal curves.
Unfortunately, four patients were not able to reach maximal oxygen uptake during the final experiment (three were at 88 to 90% and one at 94% of maximal oxygen uptake). This probably resulted from our failure to prevent the patients from leaning slightly upon the arm rest supporting the catheterized arm. However, Astrand and colleagues noted that maximal oxygen uptake was slightly lower with catheters even without the problem of arm support.1' Accordingly, the average maximal A-V oxygen difference of 16.35 ml per 100 ml in our patients was actually a slightly submaximal value in four cases. The magnitude of A-V oxygen difference at or near maximal oxygen uptake indicates that total extraction of oxygen approached limits that are normal for young adults. However, these limits vary with age,27 28 As with total A-V oxygen difference, percentage decrements in ICG clearance were exaggerated at a given absolute oxygen uptake but not at relative oxygen uptake. All but three measurements of ICG clearance fell within the 95% confidence limits for normal young male subjects when related to relative oxygen uptake. However, the slopes of the regression lines were slightly different. This relationship has never been established for normal women-young or old. The flatter slope for these patients, if real, could reflect a normally smaller reduction in hepatic blood flow in women with exercise. This might contribute to their normally narrower A-V differences during exercise. Although these quantitative differences indeed may exist, qualitatively left ventricular output appears to be partitioned normally to visceral organs, and working skeletal muscle as well, during exercise in pure mitral stenosis. Appearance of increments in blood lactate concentration in normal subjects" 17 and in our patients at 50 to 70% of maximal oxygen uptake suggests that oxygen supply to working muscle becomes limited at the same fraction of maximal oxygen uptake in both groups. Furthermore, the rates at which this limitation proceeds as maximal oxygen uptake is approached are similar.
Mitchell and associates1-concluded that the maximal oxygen uptake is a measure of cardiac capacity and the ability to increase A-V oxygen difference rather than the ability Circulation, Volume XXXVI, October 1967 of the peripheral vasculature to receive cardiac output. Our data suggest that the physiological significance of maximal oxygen uptake as defined by these authors is applicable to our patients. Arterial oxygen saturation is well maintained (even though it may have been somewhat reduced to start with) even at maximal oxygen uptake. 4 Our results confirm this finding. Alveolar-arterial oxygen transport was not a limiting factor for total oxygen transport in these patients.
When mechanisms of increasing oxygen uptake are examined in the rearrangement of the Fick equation where oxygen uptake= heart rate x stroke volume x A-V oxygen difference, stroke volume stands out as the only factor limiting maximal oxygen uptake, since the remaining factors increase over a normal range to essentially normal limits. Thus, when oxygen uptake is set at maximum and stroke volume is only one half that of a normal subject, maximal cardiac output is similarly subnormal. As this study has shown in pure mitral stenosis, this defect is quantitatively reflected in an equivalent reduction in maximal oxygen uptake. The physiological significance of the reduction in maximal oxygen uptake in these patients was the reduction in stroke volume resulting from mechanical obstruction imposed by a diseased mitral valve.
We conclude that the measurement of maximal oxvgen uptake provides the most information for the least amount of clinical procedure in assessing the restriction imposed upon cardiovascular functional capacity by pure mitral stenosis. Since other circulatory adaptations to increased demands for oxygen transport appear to be normal, the test defines the extent to which stroke volume has been restricted.
